Organic materials, such as conjugated polymers, are attractive building blocks for bioelectronic 13 interfaces. In particular, organic semiconductors showed excellent performances in light-14 mediated excitation and silencing of neuronal cells and tissues. However, the main challenges 15 of these organic photovoltaic interfaces compared to inorganic prostheses are the limited 16 stability of conjugated polymers in the aqueous environment and the exploitation of materials 17 only responsive in the visible spectrum. In this report, we show a new photovoltaic organic 18 interface tailored for neuronal stimulation in the near-infrared spectrum. Also, we adjusted the 19 organic materials by chemical modification in order to improve the stability in aqueous 20 environment and to modulate the photoelectrical stimulation efficiency. As proof of principle, 21 we tested this interface for retinal stimulation. Our results provide an efficient, reliable, and 22 stable implant applicable for neural stimulation. 23 3 PEDOT:PSS and P3HT:PC60BM BHJ; however, these materials might not possess optimal 49 properties for photovoltaic retinal stimulation.
Introduction 24
Conjugated polymers and organic semiconductors have proven to be an efficient tool in 25 bioelectronic interfaces and neuroprostheses to modulate the neuronal activity by converting 26 light pulses into electrical or thermal stimulation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Flexibility, lightweight, and 27 biocompatibility are among the main advantages of using organic technology in bioelectronic 28 interfaces. Nevertheless, compared to their inorganic counterparts, some challenges of 6 730 nm ( Fig. 2a-c) . To summarize our findings ( Fig. 2d,e) , the PVD and PCD values obtained 122 with the three configurations presented were compared at their best operational wavelengths 123 (565 nm for P3HT and 730 nm for PCPDTBT) and at half of the respective MPE (1 mW mm -2 for 124 565 nm and 6 mW mm -2 for 730 nm). The PH1000/PCPDTBT:PC60BM/Ti pixels (grey squares) 125 showed the highest PCD (one-way ANOVA, p = 0.0018; Tuckey's multiple comparisons test: the different configurations also have different photovoltage discharge rates at the offset of the 135 light pulse (Fig. 2e) . The PH1000/PCPDTBT:PC60BM/Ti pixel showed the faster discharge rate 136 (two phase exponential decay, τfast = 0.85 and τslow = 3.99, R 2 = 0.8), probably because of the 137 higher electrical conductivity of PH1000. 139 Strong adhesion and stability are a prerequisite for the long-term functioning of an implantable 140 device. However, in organic-based prostheses, the adhesion and stability of the PEDOT:PSS 141 layer over a substrate in aqueous environment is limited by the delamination and solubility of 142 PSS. A common strategy to obtain water-stable thin films of PEDOT:PSS is to add the (3-143 glycidyloxypropyl)trimethoxysilane (GOPS) crosslinker (typically 1 v/v%), which prevents 144 both dissolution and delamination of PEDOT:PSS films 21 . On the other hand, it was also 145 reported that the electrical conductivity of PEDOT:PSS films decreases as a function of the GOPS 7 content 21, 22 . We found that the addition of 1 v/v% of GOPS to PH1000 has an impact on the PCD 147 ( Fig. 3a,c) and PVD ( Fig. 3b,d ) generated by the photovoltaic electrodes. In particular, for the 148 PH1000/PCPDTBT:PC60BM/Ti pixels, the addition of 1 v/v% of GOPS (grey circles) reduces the 149 PCD and increases the PVD at 730 nm. Moreover, it causes a very slow photovoltage discharge 150 (two phase exponential decay, τfast = 11.35 and τslow = 77.38, R 2 = 0.98), which does not allow 151 the generation of distinct voltage pulses at 20 Hz of repetition rate (Fig. 3e) concentration of GOPS (0, 0.1, 0.25, 0.5, and 1 v/v%) and measured the PCD and PVD. The mean 161 PVD (730 nm, 6 mW mm -2 ) increased immediately upon addition of GOPS and it remained 162 stable regardless of the concentration (Fig. 4a) . Conversely, the mean PCD peak remain high up 163 to 0.1 v/v% of GOPS and then it decreased. Therefore, one can designate a concentration of 0.1 164 v/v% as the best compromise, since higher concentration would induce a strong reduction of 165 the PCD generated by the photovoltaic pixels. In parallel, the increase in the concentration of 166 GOPS increases the decay time at the offset of the light pulse (Fig. 4b) . The fitting with a two-167 phase exponential decay function showed that both τfast and τslow increase with the GOPS 168 concentration ( Fig. 4c ). However, with 0.1 v/v% of GOPS, the electrode is fully discharged (i.e.,
138

Optimization of the adhesion and stability of the interface
169
the PV returns to baseline) in 40 ms from the pulse offset. This condition represents the optimal 170 situation for a retinal implant because the fast photovoltage decay allows the precise 171 8 reproduction of 20-Hz pulse trains ( Fig. 4d) . In summary, the chemical modification of increases the stability of the photovoltaic pixels compared to pristine PEDOT:PSS ( Fig. 5c, left) .
185
On the other hand, a higher concentration of GOPS (0.25 v/v%; Fig. 5c , right) does not increase 186 adhesion but induces again delamination. In fact, the addition of GOPS not only crosslinks the 187 PSS molecules together, but it also anchors them to the substrate (e.g. PDMS). This explains the 188 strengthened adhesion of PEDOT:PSS to PDMS. Nevertheless, a further increase in the GOPS 189 concentration (e.g. from 0.1 to 0.25 v/v% and above) induced delamination again, but at the 190 interface between PEDOT:PSS and PCPDTBT:PC60BM rather than at the interface with PDMS. 191 We hypothesize that the increase of the cross-linking degree with GOPS could impair the 215 PCPDTBT was used for bioelectronic interfaces only in few reports 1, 10 . Therefore, we first 216 investigated the cytotoxicity of the near-infrared-responsive photovoltaic prosthesis fabricated 217 above a PDMS substrate ( Fig. 7a) . triplicate cultures wells and data were averaged ( Fig. 7b) . A one-way ANOVA analysis (p < 221 10 0.0001, F = 223.9) revealed that all the four prostheses tested resulted in a cell viability 222 significantly higher than the positive control (p < 0.0001 for all, Tukey multiple comparisons); 223 similarly, the negative control is significantly higher than the positive control (p < 0.0001,
Functional validation of the near-infrared-responsive photovoltaic prosthesis
224
Tukey multiple comparisons). There is no statistically significant difference among the four 225 prostheses and against the negative control (1 vs 2: p = 0.9947; 1 vs 3: p > 0.9999; 1 vs 4: p > 226 0.9999; 2 vs 3: p = 9989; 2 vs 4: p = 0.9920; 3 vs 4: p > 0.9999; 1 vs negative control: p = 0.5401; 227 2 vs negative control: p = 0.2888; 3 vs negative control: p = 0.4598; 4 vs negative control: p = 228 0.5678; Tukey multiple comparisons).
229
Last we verified that the near-infrared-responsive photovoltaic prosthesis was able to mm -2 ) were recorded from retinal ganglion cells ( Fig. 7c) . We previously demonstrated that at 234 this age, retinas have no light responsivity 27 . NIR light pulses were able to significantly induce 235 network mediated firing activity in retinal ganglion cells (Fig. 7d,e ) at a safe irradiance level 236 (2.5 times lower than the MPE), thus showing that the near-infrared-responsive photovoltaic 237 prosthesis can effectively be used for retinal stimulation.
238
Discussion
239
Photovoltaics is an attractive approach in bioelectronic medicine and neuroprosthetics to 240 stimulate or modulate neuronal activity. Our results show that organic photovoltaic interfaces 241 can be tailored to achieve higher stability, better optoelectronic performances, and adjusted 242 sensitivity in order to match the desired target application.
243
In a proof-of-concept, we demonstrated the advantage of a near-infrared-responsive 244 neuroprosthesis for retinal stimulation that allows for higher compliance with the standard for computational study showed that a photovoltaic interface based on conjugated polymers could 250 operate in the NIR range 30 ; however, in this study an experimental validation was not provided. 251 We demonstrated that also organic photovoltaic interfaces can efficiently stimulate blind Competing interests 275 The authors declare that they have no competing interests.
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Data and materials availability 277
All data needed to evaluate the conclusions in the paper are present in the paper. Additional voltage and photo-current densities generated by the interface, also the area of the connecting 307 line exposed to light has been considered.
308
Spectral absorbance. The preparation of the bulk heterojunctions was performed as before.
309
The thickness were 80 and 62 nm for P3HT:PC60BM and PCPDTBT:PC60BM respectively. The Fabrication of POLYRETINA prostheses. Prostheses were prepared as previously described 12 .
326
A thin sacrificial layer of poly(4-styrenesulfonic acid) solution (561223, Sigma-Aldrich) was shaped support with a 12 mm curvature radius.
339
Soaking experiments. POLYRETINA devices were soaked in saline solution (NaCl 0.9 %) at 37 340 °C and ultra-sonication was applied for 5 min.
341
Cytotoxicity test. The test was conducted according to the requirement of ISO 10993-5:
342
Biological Evaluation of Medical Devices, in-vitro cytotoxicity test. Prostheses were sterilized in 343 a dry oven for 2 hr at 120 °C. The test on extraction was performed with samples for a total 344 surface area of 3.54 cm 2 each, with a ratio of the product to extraction vehicle of 3 cm 2 ml -1 . (2) 386 For the POLYRETINA prosthesis, the visual angle of is α = 808.12 mrad with an exposed area of 346.59 mW, which corresponds to 2.40 mW mm -2 for an exposed area of 144.22 mm 2 . For λ = 393 780 nm, the MPET is 436.33 mW, which corresponds to 3.03 mW mm -2 for an exposed area of 394 144.22 mm 2 . Because photovoltaic prostheses operate with pulsed light (i.e., in our case 10-ms 395 pulses at 20 Hz of repetition rate), the MPE is increased by a factor of 5 to 1.92, 12.00, and 15.15 396 mW mm -2 respectively for 565, 730, and 780 nm. 
